S witchgrass (Panicum virgatum L.) is a small-seeded warm-season perennial forage and potential biomass feedstock that is slow to establish (Aiken and Springer, 1995) , which results in an increase of grass weeds that compete with switchgrass for nutrients and sunlight during establishment (Masters et al., 2004; Boydston et al., 2010; Mitchell et al., 2010) . Controlling weeds during the establishment year can greatly improve establishment and increase biomass production in subsequent years (Schmer et al., 2006; Mitchell et al., 2010) . Warm-season annual grass weeds have been shown to be detrimental to switchgrass establishment, unlike broadleaf weeds, which can easily be controlled with 2,4-d amine (2,4-dichlorophenoxyacetic acid) when switchgrass reaches the 4-leaf stage (Vogel, 2004; Anonymous, 2008b ). Use of a preemergence herbicide is recommended to reduce grass weed competition while establishing warm-season perennial grasses. Application of metolachlor and/or atrazine was reported to improve biomass yield in big bluestem (Andropogon gerardii Vittman) during the second year (Masters, 1997). Little information is available documenting the effect of preemergence herbicides on the establishment of switchgrass and its control on grassy weeds. Further, it is unclear whether or not the application of a postemergence herbicide could ensure or sustain weed control while allowing successful establishment and continued switchgrass growth. Experimental design was a split-split-plot design with presence/ absence of preemergence herbicide cloransulam as main plot, weed species as subplot treatment, and postemergence herbicides as sub-subplot treatments. Herbicides foramsulfuron + pendimethalin + quinclorac was applied at the 1-to 2-and 2-to 3-leaf stage, whereas nicosulfuron was applied at 2-to 3-leaf stage and nicosulfuron combinations and MSMA were applied at 3-to 4-leaf stage. Using cloransulam as a preemergence herbicide resulted in lower switchgrass seedling numbers and generally did not improve establishment. Interseeding Johnsongrass allowed for the greatest number of switchgrass seedlings and was the least competitive weed, whereas interseeding large crabgrass resulted in the least amount of switchgrass and proved to be the most competitive weed. Foramsulfuron + pendimethalin + quinclorac resulted in effective weed control (>70%) for all four species evaluated and improved switchgrass establishment (13-26%) compared to the untreated control (0-3%); however, greater improvement in stand establishment is needed.
RESEARCH
S witchgrass (Panicum virgatum L.) is a small-seeded warm-season perennial forage and potential biomass feedstock that is slow to establish (Aiken and Springer, 1995) , which results in an increase of grass weeds that compete with switchgrass for nutrients and sunlight during establishment (Masters et al., 2004; Boydston et al., 2010; Mitchell et al., 2010) . Controlling weeds during the establishment year can greatly improve establishment and increase biomass production in subsequent years (Schmer et al., 2006; Mitchell et al., 2010) . Warm-season annual grass weeds have been shown to be detrimental to switchgrass establishment, unlike broadleaf weeds, which can easily be controlled with 2,4-d amine (2,4-dichlorophenoxyacetic acid) when switchgrass reaches the 4-leaf stage (Vogel, 2004; Anonymous, 2008b ). Use of a preemergence herbicide is recommended to reduce grass weed competition while establishing warm-season perennial grasses. Application of metolachlor and/or atrazine was reported to improve biomass yield in big bluestem (Andropogon gerardii Vittman) during the second year (Masters, 1997) . Little information is available documenting the effect of preemergence herbicides on the establishment of switchgrass and its control on grassy weeds. Further, it is unclear whether or not the application of a postemergence herbicide could ensure or sustain weed control while allowing successful establishment and continued switchgrass growth. Webster]) to a preemergence (cloransulam) or postemergence (foramsulfuron, pendimethalin, quinclorac, foramsulfuron + pendimethalin + quinclorac, nicosulfuron, nicosulfuron + pendimethalin + quinclorac, nicosulfuron + quinclorac + atrazine, and monosodium methanearsonate [MSMA] ) herbicides. Experimental design was a split-split-plot design with presence/ absence of preemergence herbicide cloransulam as main plot, weed species as subplot treatment, and postemergence herbicides as sub-subplot treatments. Herbicides foramsulfuron + pendimethalin + quinclorac was applied at the 1-to 2-and 2-to 3-leaf stage, whereas nicosulfuron was applied at 2-to 3-leaf stage and nicosulfuron combinations and MSMA were applied at 3-to 4-leaf stage. Using cloransulam as a preemergence herbicide resulted in lower switchgrass seedling numbers and generally did not improve establishment. Interseeding Johnsongrass allowed for the greatest number of switchgrass seedlings and was the least competitive weed, whereas interseeding large crabgrass resulted in the least amount of switchgrass and proved to be the most competitive weed. Foramsulfuron + pendimethalin + quinclorac resulted in effective weed control (>70%) for all four species evaluated and improved switchgrass establishment (13-26%) compared to the untreated control (0-3%); however, greater improvement in stand establishment is needed.
Effect of Various Herbicides on Warm-season Grass Weeds and Switchgrass Establishment
There are very few herbicides that are currently labeled for use during switchgrass establishment. The scientific literature provides limited information on the phytotoxicity and efficacy of the herbicides used in other warm-season grasses when used for weed control in switchgrass establishment. Currently, only quinclorac (Anonymous, 2008c (Anonymous, , 2010 is labeled in the United States, whereas nicosufuron (Anonymous, 2008a ) has a supplemental label in the state of Tennessee for weed control during switchgrass establishment once it reaches the 2-leaf stage. In noncrop areas and the Conservation Reserve Program, sulfosulfuron (Anonymous, 2011) controls Johnsongrass [Sorghum halepense (L.) Pers.], and nutsedge (Cyperus sp.) when applied to newly seeded switchgrass after the 3-leaf stage. Use of atrazine, which is labeled for corn (Zea mays L.) and Conservation Reserve Program plantings of switchgrass, has led to successful establishment of upland switchgrass as a companion crop in corn fields (Hintz et al., 1998) . Although atrazine can improve switchgrass establishment by controlling broadleaf weeds and cool-season grasses (Martin et al., 1982; Bahler et al., 1984) , it does not control warm-season annual grass weeds (Boydston et al., 2010; Mitchell et al., 2010) . Injury to switchgrass is reported to differ with herbicide used, application rates, growth stage at application, and the ecotype of switchgrass being evaluated. Research results have varied and are sometimes contradictory. Mitchell et al. (2010) reported that lowland and upland ecotypes had comparable tolerances to atrazine and quinclorac that effectively controlled weeds and resulted in acceptable plant stands in both switchgrass ecotypes. 'Pathfinder', an upland ecotype, is reported to have greater tolerance to preemergence applications of atrazine (Martin et al., 1982; Vogel, 1987; Masters et al., 1996; Hintz et al., 1998) . However, despite this tolerance, there are reports of increasing injury in the switchgrass cultivar Pathfinder, as atrazine application rate increases from 1.1 to 2.2 kg ha -1 (McKenna et al., 1991) . Contrarily, Bovey and Hussey (1991) recommend that atrazine should not be used for establishment of 'Alamo', a lowland ecotype of switchgrass, due to excessive injury. Bahler et al. (1984) reported that atrazine application on a loamy sandy soil had greater switchgrass damage when applied on a silty clay loam soil. An upland variety of switchgrass, 'Cave-in-Rock', tolerated atrazine (1.1 kg a.i. ha -1 ), whereas a lowland variety of switchgrass was killed (T.J. Butler, unpublished data, 2010) . In addition, rainfall immediately after planting affected atrazine activity on lowland switchgrass. In 1 yr, rainfall occurred the day after atrazine application, resulting in complete lowland switchgrass mortality. Whereas in the second year, rainfall did not occur for 2 wk, and the lowland switchgrass only had transient injury from atrazine (T.J. Butler, unpublished data, 2010) . Alternatives to atrazine include siduron at 1.6 kg a.i. ha , which controlled large crabgrass [Digitaria sanguinalis (L.) Scop.] with no effect on 'Caddo', an upland switchgrass ecotype (McMurphy, 1969) . However, subsequent work indicated that a preemergence application of siduron at 2.2 kg a.i. ha -1 caused significant injury to Alamo, a lowland ecotype (Bovey and Hussey 1991) . Masters et al. (1996) reported that imazethapyr increased big bluestem establishment, which ranged from 77 to 94% stand, whereas application of atrazine ranged from 18 to 95% stand; however, imazethapyr generally reduced switchgrass establishment (stand frequency) of the upland ecotype 'Trailblazer'. In other crops, the use of cloransulam as a preemergence herbicide has shown promise, providing control of Johnsongrass and broadleaf weeds but with no effect on bermudagrass (Cynodon dactylon Pers.) (Vangessel, 1999) .
Although Mitchell et al. (2010) reported that both upland and lowland switchgrass ecotypes tolerated 0.56 kg a.i. ha -1 quinclorac applied preemergence, it has been observed that quinclorac applied preemergence greatly reduced lowland switchgrass emergence (T.J. Butler, unpublished data, 2012) . Postemergence applications of quinclorac at 0.56 kg a.i. ha -1 or pendimethalin at 1.1 kg a.i. ha -1 at the 1-to 2-leaf stage have been shown to improve weed control but reduce switchgrass stands (Boydston et al., 2010) . Quinclorac reduced switchgrass establishment biomass by 33% compared to pendimethalin, which reduced it by 89% relative to the untreated control that received a preemergence application of atrazine only (Boydston et al., 2010) . Subsequent work by Curran et al. (2011) reported that quinclorac applied 4 wk after planting achieved better weed control in switchgrass than when applied 6 wk after planting. The application of monosodium methanearsonate (MSMA) at 2.2 kg a.i. ha -1 to greenhouse-grown lowland switchgrass at the 3-to 4-leaf stage did not cause significant injury compared to the control (Bovey and Hussey, 1991) .
Reports documenting the tolerance of switchgrass to various herbicides are not conclusive; thus, there is a need to evaluate several potential pre-and postemergence herbicides and combinations for switchgrass establishment and warmseason grass weed control. The objectives of the research were to evaluate the use of cloransulam as a preemergence herbicide and the use of other common postemergence herbicides in terms of their efficacy of control on the most common warm-season grass weeds and their potential for injury and deleterious effect on switchgrass establishment. precipitation plus 140 mm of supplemental irrigation in the 2010 season. Each year 1.12 kg a.i. ha -1 2,4-d amine was applied to the entire study when a majority of the switchgrass seedlings reached the 4-leaf stage to control broadleaf weeds (Vogel, 2004) .
MATERIAlS AND METHoDS

Experimental Design and Herbicide Application
Seedling Counts, Weed Control, and Switchgrass Injury and Stand Evaluations
Response variables evaluated during the establishment year included switchgrass seedling density (seedlings m -2 ) 30 d after planting (DAP), weed control (%), switchgrass injury (%) at 30 and 60 DAP, and switchgrass % stand at 120 DAP. Switchgrass seedling count was done 45 DAP using a 1.0-by 1.0-m frame placed across three switchgrass rows. Approximately 30 d after postemergence herbicides application (60 DAP), treatment effectiveness in controlling the grass species (weeds) was evaluated by visual observation. Switchgrass injury and weed control was visually estimated by two observers as a percentage on a scale from 0 (no response) to 100 (complete weed control or switchgrass death) and was based on degree of chlorosis, necrosis, and stunted growth or complete mortality of weeds. For herbicide treatments that included a preemergence cloransulam herbicide application, evaluations were made 30 d after treatment (DAT). In treatments without preemergence cloransulam herbicide application, evaluation at 30, 60, 90, and 120 DAT coincided with 60, 90, 120, and 150 DAT for treatments with cloransulam herbicide.
Injury on switchgrass from application of postemergence herbicides was visually evaluated 30 DAT. The evaluation was conducted independently by two observers on a scale of 0 (no injury) to 100 (complete mortality) and was based on visual observation for the presence and degree of chlorosis, necrosis, and/or stunted growth. Similarly, switchgrass stand was visually estimated 120 DAT to determine switchgrass percent cover.
Statistical Analysis
Statistical analyses were performed using Proc Mixed of SAS (SAS Institute, 2002) . Herbicide treatments (pre-and postemergence), grass weed species, and their interactions were considered fixed effects, whereas location, year, replication, and their interactions were treated as random effects. Evaluations at different time periods after planting were considered repeated measures. Percentage data (% weed control, % injury, and % stand data) were analyzed as square root transformations. Nontransformed data are reported in the Results. The PDIFF function of the LSMEANS procedure was used to compare significant means. Significance was determined at P £ 0.05.
RESulTS AND DISCuSSIoN
Switchgrass Seedling Counts
There was an interaction between preemergence herbicide treatment and weed species (P < 0.01) in seedling counts 30 DAT; therefore, means are reported by weed species and preemergence treatment. Switchgrass seedling density 30 d after postemergence herbicide application was affected by weed species (P < 0.01) and preemergence cloransulam application (P < 0.05). There were more switchgrass seedlings associated with Johnsongrass (53 seedlings m -2 ), whereas there were fewest switchgrass seedlings associated and the University of Georgia Southeast Georgia Research and Education Center near Midville, GA (32°52¢ N, 82°12¢ W; elevation 77 m) during the 2010 growing season. In Oklahoma, the soil at Gene Autry was a Dale silt loam (fine-silty, mixed, superactive, thermic Pachic Haplustoll; pH 6.8, 53 mg P kg ). The design of the experiment was a randomized complete block design with a split-split-plot arrangement of treatments and four replications at all sites. The main plot treatment was the presence or absence of cloransulam as a preemergence herbicide, subplots were seeded with grass weed species, and sub-subplot treatments were the postemergence treatment at recommended leaf stages. Switchgrass (cultivar EG1101, lowland selection from Alamo) and other weedy grasses were drilled into clean-tilled, firmly packed plots measuring 3 by 6 m, to a depth of between 0.5 and 1.0 cm in early May at the Oklahoma and Georgia locations. Appropriate main plots received preplant cloransulam at 0.028 kg a.i. ha -1 to the sandy soils (Red River and Midville) and 0.042 kg a.i. ha -1 to the loam soils (Gene Autry and Athens), respectively, at planting day each year. Switchgrass was planted with Hege 500 (Colwich, KS) small plot drill at 4.5 kg pure live seed (PLS) ha Herbicides foramsulfuron + pendimethalin + quinclorac were applied at the 1-to 2-and 2-to 3-leaf stage, whereas nicosulfuron was applied at 2-to 3-leaf stage and nicosulfuron combinations and MSMA were applied at 3-to 4-leaf stage. These herbicide treatments and timings were selected based on preliminary screening for switchgrass safety and weed efficacy conducted during 2006 through 2009 seasons (Table 1) . Herbicide treatments were applied after planting, using a CO 2 backpack sprayer calibrated to deliver 140 L ha -1
. Details on herbicides, herbicide quantities, herbicide combinations, and herbicide notations are shown in Table 2 . Due to the drought conditions, plots received supplemental irrigation during periods of below-normal rainfall, so that total rainfall and irrigation were similar to the 30-yr average. During the growing season as defined as May through September, Gene Autry and Burneyville, OK, received an averaged 400 mm of precipitation plus 120 mm of supplemental irrigation for a total of 520 mm in 2010; and 215 mm of precipitation plus 210 mm of supplemental irrigation for a total of 425 mm in 2011. During the same defined growing season, Athens and Midville, GA, received 625 mm of with large crabgrass (25 seedlings m -2 ) in the absence of preemergence cloransulam application (Table 3) . This suggests that Johnsongrass was the least competitive grass weed, whereas large crabgrass was the most competitive grass weed. The control treatment that received no herbicide had 58 switchgrass seedlings m -2 . Cloransulam plots had an average 63% fewer switchgrass seedlings m -2 compared to plots without cloransulam, suggesting that switchgrass seedlings are susceptible to cloransulam at the applied rates. When treated with preemergence cloransulam, there were greater switchgrass seedlings associated with Johnsongrass (34 seedlings m -2 ) and fewer switchgrass seedlings associated with large crabgrass (19 seedlings m -2 ) (Table 3) , which also supports the previously mentioned notion that Johnsongrass was less competitive and large crabgrass was the most competitive weed.
Switchgrass Injury
Injury to switchgrass was affected by the interactions of pre-and postemergence herbicide (P < 0.01) and the interaction of evaluation date (DAT) and postemergence herbicide (P < 0.01). There was no interaction of weed species to switchgrass herbicide injury; therefore, means are pooled across grass weeds and reported by herbicide treatment and evaluation date. The use of cloransulam tended to result in greater switchgrass injury than the application of postemergence herbicides alone (Table 4) . When treated with cloransulam alone, switchgrass showed 31% injury at 30 DAT compared to no injury in the control plots ( Table  4 ). Switchgrass that received both pre-and postemergence herbicides showed greater injury than those that received postemergence herbicide only especially at 30 DAT. At 30 DAT, injury from preemergence plus postemergence herbicide application range from 30 to 60% compared to 3 to 32% injury without preemergence. In a study of three switchgrass ecotypes (Cave-in-Rock, Kanlow, and Shawnee), pendimethalin caused >80% injury, whereas quinclorac caused approximately 10% injury (Boydston et al., 2010) . The minimal injury to switchgrass by MSMA in this study is consistent with other reports applying MSMA to a site infested with broadleaf signalgrass and large crabgrass (Cassida et al., 2000) and to switchgrass used as filter strips (Rankins et al., 2005) . When both cloransulam and postemergence herbicides were applied, switchgrass injury was significantly greater (P < 0.01) at 30 DAT than at 60 DAT for all postemergence herbicide application (Table 4) ; however, trends were similar to 30-DAT ratings.
Grass Weed Control
Weed control was affected by interactions of pre-and postemergence herbicide treatments; therefore, means are reported by preemergence application, postemergence application, and weed species. In all grass weed species, application of cloransulam herbicide controlled the weed to some degree (Table 5 ). In general, weed control achieved at 30 DAT was sustained even at 60 DAT particularly for the herbicides applied at the 1-to 2-leaf stage (data not shown). Weed control with cloransulam at 30 DAT was greatest Table 2 . Herbicide common name, trade name, application rate, and switchgrass leaf number at time of herbicide application. Table 4 . Switchgrass visual injury averaged across locations, years, and four weed species as affected by pre-and postemergence herbicide application. for Johnsongrass (75%) followed by large crabgrass at 57%, whereas broadleaf signalgrass and Texas panicum had the least control (averaging 38%). The Johnsongrass control with cloransulam only is consistent with control reported by Vangessel (1999) , of 85% control at 0.03 kg a.i. ha -1 of cloransulam. An herbicide combination of quinclorac + foramsulfuron + pendimethalin applied postemergence at the 1-to 2-leaf stage either with or without cloransulam consistently ranked the greatest or among all grass weed species (Table 5) . Most herbicides in combination with cloransulam provided >85% control of Johnsongrass, with the exception of cloransulam alone, quinclorac, and pendimethalin, which provided poor Johnsongrass control. Postemergence applications in the absence of cloransulam of herbicides foramsulfuron, foramsulfuron + pendimethalin + quinclorac (1-to 2-leaf stage), nicosulfuron (2-to 3-leaf stage), and nicosulfuron + pendimethalin + quinclorac provided excellent (>90%) Johnsongrass control.
There tended to be an increase in weed control effectiveness when postemergence herbicides were applied in conjunction with the preemergence application of cloransulam. This trend was most pronounced with pendimethalin. For example, there were increases of 80, 96, 90, and 79% in the control of broadleaf signalgrass, large crabgrass, Johnsongrass, and Texas panicum, respectively, with pendimethalin and the inclusion of cloransulam compared to pendimethalin alone. Postemergence application of quinclorac and pendimethalin without cloransulam achieved <10% Johnsongrass control, which was similar to the untreated check. Only foramsulfuron + pendimethalin + quinclorac (1-to 2-leaf stage) achieved at least 70% Texas panicum control without preemergence cloransulam, while six other postemergence herbicides exhibited <50% control of Texas panicum. Better control with both pre-and postemergence herbicide applications may have been due to the cumulative effect of the two herbicides. Other reports have indicated that despite an initial effective suppression of weeds, the effectiveness of preemergence application of cloransulam declined appreciably over time during the season (Barnes and Oliver, 2004) . Postemergence application of quinclorac, pendimethalin, or mesotrione significantly controlled large crabgrass, but only quinclorac and pendimethalin were able to control green foxtail [Setaria viridis (L.) P. Beauv.] (Boydston et al., 2010) .
While application of foramsulfuron + pendimethalin + quinclorac with or without cloransulam at 1-to 2-leaf stage achieves a greater percentage of control in broadleaf signalgrass and large crabgrass than at 2-to 3-leaf stage, it achieves comparable control at the two developmental stages in Johnsongrass and Texas panicum (Table 5 ). The effectiveness of nicosulfuron applied at 2-to 3-or 3-to 4-leaf stage was generally comparable to nicosulfuron with or without a preemergence herbicide. The application of quinclorac 4 wk after planting achieved better weed control than when applied 6 wk after planting (Curran et al., 2011) .
Switchgrass Percent Coverage at the End of Season
Switchgrass coverage was affected by interactions of preand postemergence herbicide treatments as well as weed species; therefore, means are reported by preemergence application, postemergence application, and weed species. The percent stand takes into account switchgrass injury as well as effectiveness of grass weed control. Switchgrass stand was poor (0-35%) on all herbicide treatments, and those receiving preemergence cloransulam had relatively lower percent stand (<20%) than those that did not receive cloransulam (<35%) ( Table 6 ). According to Schmer et al. (2006) , a minimum of 40% coverage is needed to be considered a successful stand. There tended to be relatively more switchgrass present plots treated with foramsulfuron, nicosulfuron, and MSMA, which could be attributed to the excellent Johnsongrass control with these herbicides. The relatively poor switchgrass stands indicate that none of these herbicides or herbicide combinations resulted in a successful switchgrass stand (>40%) in the first season after planting. In adjacent blocks (where grass weeds had not introduced) switchgrass planted at the same time routinely had >85% coverage (data not shown), which illustrates the excessive competition between switchgrass seedling and grass weeds.
CoNCluSIoN
Based on these results, it was determined that annual warm-season grass weeds are too competitive with switchgrass. The most predominant grass weed in the southern United States is crabgrass, which cannot be effectively controlled with herbicides without excessive injury to switchgrass seedlings. Although switchgrass establishment was improved, especially with quinclorac + foramsulfuron + pendimethalin at the 1-to 2-leaf stage (13-26% stand) and MSMA at the 3-to 4-leaf stage (7-35% stand) compared to an untreated control (0-3% stand), results were not satisfactory (40% coverage at the end of the first season) as documented by Schmer et al. (2006) . Alternatively, new herbicide chemistries that controlled grass weeds or herbicide-tolerant switchgrass could greatly improve switchgrass establishment. Although not reported here, switchgrass can be successfully established by using sound agronomic practices for weed control. For example, when grass weeds are controlled the previous season, especially where RoundupReady soybeans [Glycine max (L.) Merr.], corn, or cotton (Gossypium hirsutum L.) are grown, switchgrass has a much greater chance of successful establishment. However, this technique is not well documented in the scientific literature; therefore, future research is needed to document this. 
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